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Genetically encoded Ca2 indicators (GECIs) based on fluorescent proteins (XFPs) and Ca2-binding proteins [like calmodulin (CaM) ]
have great potential for the study of subcellular Ca2 signaling and for monitoring activity in populations of neurons. However, inter-
preting GECI fluorescence in terms of neural activity and cytoplasmic-free Ca2 concentration ([Ca2]) is complicated by the nonlinear
interactions between Ca2 binding andGECI fluorescence.We have characterized GECIs in pyramidal neurons in cultured hippocampal
brain slices, focusing on indicators based on circularly permuted XFPs [GCaMP (Nakai et al., 2001), Camgaroo2 (Griesbeck et al., 2001),
and InversePericam(Nagai et al., 2001)].Measurementsof fluorescence changes evokedby trainsof actionpotentials revealed thatGECIs
have little sensitivity at low action potential frequencies compared with synthetic [Ca2] indicators with similar affinities for Ca2. The
sensitivity of GECIs improved for high-frequency trains of action potentials, indicating that GECIs are supralinear indicators of neural
activity. Simultaneous measurement of GECI fluorescence and [Ca2] revealed supralinear relationships. We compared GECI fluores-
cence saturation with CaM Ca2-dependent structural transitions. Our data suggest that GCaMP and Camgaroo2 report CaM structural
transitions in the presence and absence of CaM-binding peptide, respectively.
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Introduction
Ca2 is a ubiquitous second messenger in the brain, and its reg-
ulation at the level of influx, binding to effector proteins, and
extrusion dictates the diverse physiological responses it controls
(Berridge, 1998). Imaging methods using synthetic Ca2 indica-
tors can probe [Ca2] dynamics with sub-micrometer spatial
and sub-millisecond temporal resolution (Yasuda et al., 2004).
[Ca2] imaging can be used to monitor the activity of neurons
(Callaway and Ross, 1995; Helmchen et al., 1996; Svoboda et al.,
1997; Maravall et al., 2000) and synapses (Muller and Connor,
1991; Yuste and Denk, 1995; Oertner et al., 2002; Nimchinsky et
al., 2004) and to report the dynamics of populations of neurons in
brain slices (Yuste et al., 1992) and in vivo (O’Malley et al., 1996;
Stosiek et al., 2003).
Synthetic Ca2 indicators have traditionally been introduced
into neurons by bulk loading of the membrane permeable AM-
ester (Tsien et al., 1982; Yuste et al., 1992) or dextran
(O’Donovan et al., 1993; O’Malley et al., 1996) derivative, or by
loading individual cells through a pipette with a cell-impermeant
indicator salt (Tank et al., 1988; Muller and Connor, 1991; Yuste
and Denk, 1995; Oertner et al., 2002; Nimchinsky et al., 2004).
Despite their success, synthetic indicators have significant
limitations. First, they are difficult to load into populations of
neurons in the intact brain (but see Stosiek et al., 2003). Second,
they cannot be targeted specifically to particular cell types or
subcellular compartments. Third, once loaded, synthetic indica-
tors are cleared from the cytoplasm, making long-term imaging
experiments difficult.
A major breakthrough was the development of genetically
encoded Ca2 indicators (GECIs) based on fluorescent proteins
(XFPs) (Miyawaki et al., 1997, 1999; Baird et al., 1999; Griesbeck
et al., 2001; Nagai et al., 2001). GECIs can be delivered efficiently
to specific subsets of neurons and neuronal compartments using
transfection, viral infection, transgenic, and knock-in techniques
(J. W. Wang et al., 2003; Yu et al., 2003; Hasan et al., 2004; Y.
Wang et al., 2004).
GECIs have already been used tomeasure [Ca2] transients in
worms (Kerr et al., 2000; Suzuki et al., 2003), flies (Fiala et al.,
2002; Reiff et al., 2002; J. W. Wang et al., 2003; Yu et al., 2003; Y.
Wang et al., 2004), zebrafish (Higashijima et al., 2003), and mice
(Hasan et al., 2004; Ji et al., 2004). However, GECI dynamics are
more complicated than those of synthetic Ca2 indicators. Inter-
preting functional imaging experiments using GECIs requires a
quantitative understanding of the relationship between [Ca2],
neural activity, and GECI fluorescence.
Here, we analyze the properties of three GECIs based on cir-
cularly permuted XFPs [Inverse Pericam (Nagai et al., 2001),
GCaMP (Nakai et al., 2001), and Camgaroo2 (Griesbeck et al.,
2001)] in brain slice neurons (see Fig. 1A). First, we relate GECI
fluorescence to neural activity [i.e., action potential (AP) number
and frequency] and compare the fluorescence responses with
those measured with synthetic Ca2 indicators. Our data show
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that GECIs are nonlinear indicators of neural activity with poor
sensitivity at low firing rates. Second,we relateGECI fluorescence
to [Ca2]. Our data show that GECI fluorescence has complex
relationships with [Ca2], with supralinear and sublinear re-
gimes. Third, we compare our in situ biochemical characteriza-
tion with data from solution biochemistry. We find that some
GECIs (GCaMP and Camgaroo2) report Ca2-dependent cal-
modulin (CaM) structural transitions.
Materials andMethods
DNA constructs, transfection, and slice culture. Camgaroo2 was from R.
Tsien (University of California San Diego, San Diego, CA) (Griesbeck et
al., 2001), GCaMPwas from J. Nakai (Department of Information Phys-
iology, National Institute for Physiological Sciences, Myodaiji, Okazaki,
Japan) (Nakai et al., 2001), Inverse Pericam was from A. Miyawaki
(RIKEN) (Nagai et al., 2001), and enhanced green fluorescent protein
(EGFP) was from Clontech (Cambridge, UK) (pEGFP-N1). The CaM
sequences in GCaMP and Camgaroo2 are derived from rat and Xenopus,
respectively, but have 100%protein sequence similarity. Inverse Pericam
contains a CaM with a mutation in the third calcium-binding loop
(E104Q) (Evenas et al., 1998). The M13 domain used in GCaMP and
Inverse Pericam is derived from smooth muscle myosin light chain ki-
nase CaM-binding peptide (Peersen et al., 1997). All experimental pro-
tocols were conducted according to National Institutes of Health guide-
lines for animal research and were approved by the Institutional Animal
Care and Use Committee at Cold Spring Harbor Laboratory. Cultured
hippocampal slices were prepared from postnatal day 6 (P6) or P7 rats
(Stoppini et al., 1991) and transfected using particle-mediated biolistic
gene transfer (McAllister and Stevens, 2000) at 5–9 d in vitro. Expression
was for 7–14 d.
Electrophysiology. Transfected or neighboring untransfected cells
(20–50 m deep in the slice) were selected for whole-cell recording (see
Fig. 1B). Recordings were performed in artificial CSF (ACSF) consisting
of (in mM) 127 NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 4 MgCl2, 4
CaCl2, and 1.25 NaH2PO4, aerated continuously with 95% O2/5%CO2.
Intracellular solution consisted of 130 mM KMeSO3, 10 mM HEPES, 4 mM
MgCl2, 4 mMNa2ATP, 0.4 mMNaGTP, 10 mMNa-phosphocreatine, 3 mM
ascorbate, and 500MX-Rhod-5F and/or Fluo4-FF; pHwas adjusted to 7.3
with KOH. Recordings were at room temperature in ACSF. To evoke APs,
cells were held in the current-clamp configuration, and 3–5 nA of current
was injected for 2 msec through the recording electrode. The resting mem-
brane potentials and input resistances of transfected cells (GECIs and GFP)
and untransfected cells were not different (data not shown).
Imaging. We used a custom-built two-photon laser scanning micro-
scope (2PLSM) with an Olympus objective (60, 0.9 numerical aper-
ture) and a Ti:sapphire laser (Mira; Coherent, Santa Clara, CA) tuned to
  910 nm. Fluorescence was detected in epi- and trans-fluorescence
modes (Mainen et al., 1999) with photomultiplier tubes (R3896;
Hamamatsu, Hamamatsu City, Japan). Dichroic mirrors (565 nm) were
used to separate green and red fluorescence. BG22 colored glass filters
and 607/45 barrier filters were placed, respectively, in the “green” and
“red” pathways to eliminate transmitted or reflected excitation light (all
filters and dichroics were from Chroma, Brattleboro, VT). Laser power
was modulated with microsecond temporal resolution using an electro-
optical modulator (EOM; model 350-80 LA; Conoptics, Danbury, CT).
Image acquisition was controlled by ScanImage (Pologruto et al., 2003).
For most experiments, neurons were loaded with a “red” synthetic
Ca2 indicator (X-Rhod-5F; 500 M; KD  1.9 M at room tempera-
ture). In some cases, we also used a “green” synthetic indicator (Fluo4-
FF; 500 M; KD  10.4 M at room temperature; synthetic indicators
were purchased from Molecular Probes, Eugene, OR) (Yasuda et al.,
2004). During loading, the amplitudes of [Ca2] transients produced by
single APs were monitored. Data collection started only after equilibra-
tion was achieved (20 min after break-in) (supplemental material,
available at www.jneurosci.org) (Maravall et al., 2000). After initiation of
whole-cell recording, the baseline green fluorescence reporting the con-
centration of cytoplasmic green proteins (GFP and GECIs) decreased
slowly over time (40% over 50 min), consistent with washout.
For most experiments, fluorescence (green and red) was collected
while scanning at 500Hz in a line that intersected the apical dendrite (see
Fig. 1C,D). Fluorescence signals were averaged over the dendrite to ob-
tain the fluorescence time course, F (see Fig. 1E,F ). Photo multiplier
tube dark noise (shutter closed) was collected for 50 msec at the begin-
ning of each image (see Fig. 1E,F ), and the mean dark noise was sub-
tracted from F. Baseline fluorescence (F0) was the average fluorescence
over a 200 msec window before the stimulus. F/F was calculated as
F/F (F F0)/F0.
Free-calcium concentration changes, [Ca2], and fluorescence sat-
uration changes, , were calculated from F/F using a method that
relies on estimating the fluorescence increase that would arise from a
saturating[Ca2] [(F/F )max], using Equations 1a and 1b, respectively
(Maravall et al., 2000):
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F is the fluorescence from the indicator.  is the degree to which the
fluorescence of the indicator is saturated, expressed as a fraction (range,
0–1). KD is the effective dissociation constant of the indicator for Ca
2,
defined as the [Ca2] in which fluorescence is half-saturated (i.e.,  
0.5 when [Ca2]  KD). Rf is the dynamic range of the indicator, and
Rf  Fmax/Fmin. KD and Rf were previously determined for synthetic
Ca2 indicators (Yasuda et al., 2004).
Because of the weak dependence of[Ca2] onRf, thismethod can be
used to quantify[Ca2]with good accuracy for indicatorswith largeRf,
such as X-Rhod-5F and Fluo4-FF. The Rf value of X-Rhod-5F differs
substantially from the maximal change in fluorescence [(F/F )max] ob-
tained in cells when compared with Fluo4-FF (Table 1), because of dif-
ferential dye interactions in the cell (Maravall et al., 2000). Estimates of
resting calcium [Ca2]0 and resting fluorescence saturation0 can also
be obtained using this method (Maravall et al., 2000).
The use of two Ca2 indicators allows the measurement of [Ca2]
with one indicator and the fluorescence saturation, , of the other. This
is useful when the biochemical properties of one indicator are known,
while the properties of the other are unknown (see supplemental mate-
rial, available at www.jneurosci.org). We measure [Ca2] using the syn-
thetic indicator with known properties and binding stochiometry (using
Eq. 1a), whereas is measured for the unknown indicator. We validated
this approach using two synthetic indicators with known properties,
Table 1. GECI and synthetic indicator properties
Indicator (F/F)max Reported KD (M) Measured KD (M) Reported n Measured n Stimulus for SNR2
X-Rhod-5F (1) 2.5 1.9 1.3 0.5 1 1.2 0.21 1–2 APs
Fluo4-FF (1) 22 10.4 n/a 1 n/a 1 AP
GCaMP (2) 1.8 0.24 1.7 1 3.3 3.3 1.2 5 APs at 20 Hz
Camgaroo2 (3) 2 5.3  0.3 8 1.6 1.24 1.4 0.42 33 APs at 50 Hz
Inverse Pericam (4) 0.25 0.2 0.9 1.4 1 3.8 2.1 20 APs at 30 Hz
Data are from the present study and (1) Yasuda et al., 2004; (2) Nakai et al., 2001; (3) Griesbeck et al., 2001; and (4) Nagai et al., 2001. The reported values for the Hill coefficient (n) and dissociation constant (KD) are from the literature
(references next to indicator name). All other values are from the present study.
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treating one as unknown (see Fig. 5 and supplemental material, available
at www.jneurosci.org) (Yasuda et al., 2004).
Fluorescence saturation curves ( vs [Ca2]) (see Fig. 5) were obtained
using this dual-indicator method and were fit to a generalized Hill model:
 
Ca2n
Ca2n KD
 	 (2)
KD is always defined as [Ca
2] when   0.5, regardless of n. When
n  1, the Hill model reduces to the familiar hyperbolic binding curve.
When n  1, the binding is non-hyperbolic (sigmoidal).  and 	 are
scaling and nonspecific binding factors, respectively. They can be used to
normalize the fluorescence saturation curves to determine the biochem-
ical parameters (KD and n) correctly.
After fitting the fluorescence saturation curves with Equation 2 to
determine , 	, KD, and n, the normalized  () is calculated as:
 
  	


Ca2n
Ca2n KD
(3)
Once is determined, another fit is performed (vs [Ca2]) todetermine
the reported biochemical parameters,KD and n (, 	 0) (Table 1).
Fluorescence transients in response to periodic AP stimuli were ana-
lyzed to determine the sensitivity for detecting individual AP fluores-
cence responses during trains of APs. Fluorescence curves were fit by a
fifth-degree polynomial. This best-fit polynomial was subtracted from
the original data to remove low-frequency trends. Power spectra were
computed from the de-trended fluorescence time series (see Fig. 4).
Fluorescence recovery after photobleaching. Fluorescence recovery after
photobleaching (FRAP) experiments were performed to measure the
mobility of GECIs in the cell cytoplasm. Dendritic spines were imaged
using 2PLSM at high magnification (field of view, 1.5  1.5 m2) in a
line scan across the spine parallel to the parent dendrite (see Fig. 6A,B).
A 338msec baseline was acquired, followed by a bleach period that lasted
50 msec and a recovery period that lasted for 4 sec. During the bleach
period, the laser power was increased 5- to 10-fold using the EOM (the
degree of bleaching did not affect the recovery time constant signifi-
cantly; data not shown). Fluorescence recovery curves were fit with a
single exponential with time constant 
 (see Fig. 6D,E). All analysis was
done in MATLAB (MathWorks, Natick, MA).
Results
GECI responses to APs
To characterize the response of GECIs to various neural stimuli,
we imaged proximal apical dendrites (5–9 m diameter; 13–38
mfrom soma) of pyramidal cells in cultured hippocampal slices
(Fig. 1). APs were generated in the soma and propagated reliably
into proximal apical dendrites (Callaway and Ross, 1995), trig-
gering Ca2 influx through voltage-sensitive Ca2 channels
(Jaffe et al., 1992; Helmchen et al., 1996; Johnston et al., 1996;
Sabatini and Svoboda, 2000; Sabatini et al., 2002; Yasuda et al.,
2003).
We compared AP-evoked fluorescence changes produced by
GECIs and X-Rhod-5F (Fig. 2A). X-Rhod-5F has a lower affinity
for Ca2 than GCaMP (Nakai et al., 2001) and Inverse Pericam
(Nagai et al., 2001) and similar affinity to Camgaroo2 (Griesbeck
et al., 2001) (Table 1). Under our experimental conditions, the
buffering of Ca2 by X-Rhod-5F did not significantly perturb
GECI fluorescence (supplemental material, available at www.
jneurosci.org). In response to a single AP, the synthetic indicator
(X-Rhod-5F) produced robust, rapid onset fluorescence changes
(Fig. 2A,B) (F/F amplitude, 0.2  0.04; mean  SD) that de-
cayed with a characteristic time constant (500  85 msec). In
contrast, GCaMP and Inverse Pericam produced only very small
fluorescence responses (F/F amplitude, 0.05 0.03 and 0.15
0.08, respectively); these were detected above the noise only when
averaging over many (8–16) trials (Fig. 2A–C, E). Fluorescence
changes produced by Camgaroo2 in response to single APs were
not detectable (Fig. 2D). Thus, despite its relatively low affinity
for Ca2, X-Rhod-5F is more sensitive compared with GECIs for
detection of single APs.
Next, we measured fluorescence responses to trains of APs.
GCaMP began to show clear fluorescence responses to trains5
APs at 20 Hz (Fig. 2C), and fluorescence changes increased with
stimulus strength (i.e., the number of APs and frequency of the
train). Camgaroo2 required intense trains (10 APs at 20 Hz)
(Fig. 2D) to produce robust signals. Although Camgaroo2 had
the largest dynamic range [(F/F)max] among GECIs (Table 1
and supplementalmaterial, available at www.jneurosci.org), only
a fraction (50%) of this range was accessed by even the most
intense trains of APs (Fig. 2D). Inverse Pericam showed some
response to low-frequency trains, but response amplitudes
Figure 1. Dual-color imaging of AP-evoked fluorescence responses in CA1 pyramidal cells
transfected with GECIs. A, Molecular topology of GECIs used in this study. Binding Ca 2 causes
changes in GECI fluorescence. Camgaroo2 (left) is based on the cpYFP (yellow fluorescent pro-
tein) molecule cpCitrine and has CaM inserted between the two halves of the cpCitrine barrel.
GCaMP and Inverse Pericam (right) are based on cpGFP and contain CaM inserted C terminal to
the cpGFP barrel and the CaM-binding peptide M13 inserted N terminal. B, CA1 pyramidal
neuron expressing GCaMP (green; 9 d after transfection) and patched with a pipette filled with
500MX-Rhod-5F (red). Theyellow region indicatesoverlappinggreenand red fluorescence.C,
D, Magnified image of primary apical dendrite (boxed region in B; location of line scan, dashed
white line), showing red X-Rhod-5F ( C) and green GECI (D) fluorescence. E, F, Red and green
fluorescence transients evoked by a train of 20 APs at 30 Hz. Fluorescence was averaged across
the spatial extent of thedendrite (whitedashed lines; top) toproduce the fluorescence response
(red and green traces; bottom) used for subsequent analysis.
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changed little with stimulus strength (Fig. 2E), demonstrating
that this indicator has a limited dynamic range (Table 1 and
supplemental material, available at www.jneurosci.org).
How sensitive are different types of indicators to physiological
activity patterns? One would like to know which minimal neural
signals could be detected above the noise with a particular indi-
cator. In general, this needs to be determined separately for any
experimental situation, because the signal/noise ratio (SNR) de-
pends on the concentration of the indicator, Ca2 handling in
the cell or compartment of interest, the excitation levels, the vol-
ume of cytoplasm sampled, limits on illumination intensity im-
posed by phototoxicity, the noise sources, and so on (Yasuda et
al., 2004).However, under the relatively ideal imaging conditions
in the cultured brain slice, we can compare the performance of
different indicators side by side.
To characterize the sensitivity of the different indicators, we
determined which bursts of APs could be detected with a partic-
ular SNR (Fig. 3). Fluorescence changes that correspond to
SNR 1, 2, and 3 (Fig. 3A–E, horizontal dashed lines) are trans-
lated into AP number and frequency (Fig. 3F–J). Thesemeasure-
ments confirm that Fluo4-FF and X-Rhod-5F can detect a single
AP with SNR2 (Fig. 3F,G). Much more vigorous stimuli need
to be provided to achieve the same SNRwith GECIs, e.g., 5 APs at
20 Hz and 33 APs at 50 Hz for GCaMP and Camgaroo2, respec-
tively (Fig. 3H, I). Inverse Pericam had a small SNR even during
intense trains (Fig. 3J). In general, GECIs tend to underreport
low-frequency activity, including single APs.
Synthetic indicators respond rapidly (1 msec) to elevations
in [Ca2] (Sabatini and Regehr, 1998; Sabatini and Svoboda,
2000), producing stepwise changes in indicator fluorescence with
eachAP (Fig. 3A,B). Therefore, fluorescence changes can be used
to detect APs. Under some conditions, this strategy may allow
optical detection of temporal patterns of spiking activity in neural
networks (Smetters et al., 1999). To determine whether GECIs
can detect rapid fluorescence changes, we performed frequency
domain analysis (i.e., calculated power spectra) of fluorescence
responses to periodic trains of APs (Fig. 4) (see Materials and
Methods). The power spectrummeasures the power of the signal
contained at a particular frequency. If the indicator can follow the
periodic stimulus, the spectrum should show a large peak at the
stimulus frequency. For both X-Rhod-5F (Fig. 4A) and Fluo4-FF
(data not shown), the dominant peak of the power spectrum
corresponded to the stimulus or fundamental frequency (Fig. 4A,
arrow) for even the largest stimulus frequency used (70 Hz; data
not shown). Thus, both X-Rhod-5F and Fluo4-FF respond to
Ca2 elevations sufficiently quickly to follow the stimulus pat-
terns reliably. In contrast, GECI power spectra did not reveal a
clear peak above the noise at the stimulus frequency, even under
the most favorable conditions (20 Hz) (Fig. 4B, GCaMP). Thus,
unlike synthetic indicators, GECIs respond too slowly to follow
individual APs within a burst.
GECI responses to [Ca2]
To determine whether GECIs can be used as quantitative indica-
tors of [Ca2], we measured the relationship between GECI flu-
orescence and [Ca2]. To monitor [Ca2], we calibrated
X-Rhod-5F fluorescence (seeMaterials andMethods and supple-
mental material, available at www.jneurosci.org). We could then
simultaneously measure [Ca2] (red) and GECI fluorescence
saturation,  (green).
We verified our methods using two synthetic indicators with
known properties (Fig. 5A) (supplemental material, available at
www.jneurosci.org). The fluorescence saturation curves (Fig. 5,
 vs [Ca2]) can be fit using a Hill equation (Eq. 2; see Materials
and Methods) and the Hill coefficient, n, and effective dissocia-
tion constant, KD, calculated from the fit (Fig. 5, solid lines) (see
Materials and Methods). For X-Rhod-5F, we found KD 1.3
0.5 M (Fig. 5A) (r2 0.978) and n 1.2 0.21, in agreement
with in vitro calibrations (Yasuda et al., 2004). GCaMP showed a
sharp transition (n 3.3 1.2; r2 0.981)withKD 1.7 1M
(Fig. 5B). Camgaroo2 had amore gradual curve (n 1.4 0.42)
withKD 8 1.6M (Fig. 5C), with an exaggerated nonrespon-
sive regime for small [Ca2]. Like GCaMP, Inverse Pericam
showed a sharp transition (Fig. 5D) (n 3.8 2.1; r2 0.984),
with KD  0.9  1.4 M. Thus, GECIs have idiosyncratic and
complex fluorescence saturation curves, making their use for
quantitative [Ca2] imaging problematic (see Discussion and
Table 1).
Figure 2. Fluorescence responses to APs. A, Single AP-evoked fluorescence transients aver-
aged over 13 trials. The scale bar applies to all traces. Right, Expanded view (boxed region from
left) of X-Rhod-5F and GCaMP responses to one AP (line above trace indicates stimulus dura-
tion). B–E, Responses to trains of APs for X-Rhod-5F (B), GCaMP ( C), Camgaroo2 (D), and
Inverse Pericam ( E). A scaled copy of the X-Rhod-5F single AP fluorescence response has been
overlayed on the single AP response in C–E (gray trace). Each trace is the average of four to eight
trials from the same cell.
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GECIs are diffusible in the cytoplasm
Numerous CaM-binding proteins exist in
neurons, many of which are not diffusible
(Saimi and Kung, 2002). Do GECIs inter-
act with endogenous CaM-binding pro-
teins? Because CaM (and hence GECI)
properties are changed by interactions
with CaM-binding proteins (Peersen et
al., 1997), assessing GECI mobility is im-
portant for the interpretation of GECI sig-
nals. To address this issue, we measured
FRAP in individual dendritic spines (Svo-
boda et al., 1996; Star et al., 2002) of neu-
rons expressingGECIs orGFP. In all cases,
after bleaching, fluorescence recovered to
95% of the baseline fluorescence. In ad-
dition, fluorescence recovery time con-
stants for GCaMP (
  328  78 msec;
N 3 cells; n 18 spines), Inverse Pericam
(
  294  26 msec; N  5 cells; n  32
spines), Camgaroo2 (
 566 120 msec;
N 6 cells; n 40 spines), and GFP (

375 79msec;N 5 cells; n 40 spines)
were similar. Comparing the distribu-
tion of recovery time constants between
groups did not reveal any differences (Fig.
6E,F ) ( p  0.3; Kolmogorov–Smirnov
and ANOVA pairwise comparisons,
respectively). We conclude that GECIs
are mostly freely diffusible in the spine
cytoplasm (but see Hasan et al., 2004).
Discussion
GECIs based on XFPs hold great promise
in cellular and neuroscience systems
(Miyawaki et al., 1997, 1999; Baird et al.,
1999; Griesbeck et al., 2001; Nagai et al.,
2001). We have analyzed the relationship
of GCaMP, Camgaroo2, and Inverse Peri-
cam fluorescence to neural activity and
cytoplasmic-free Ca2 concentration,
[Ca2]. We found that all GECIs produce
robust signals to high-frequency trains of
APs but have poor sensitivity at low firing
rates. The relationship ofGECI fluorescence
with [Ca2] is complex, with supralinear
and sublinear regimes, and depends on the
particular indicator.GECIs alsodonot asso-
ciate considerably with immobile CaM-
binding proteins in the spine cytoplasm.
GECIs as indicators of neural activity
GECIs have great potential as optical sensors of neural activity.
Ideal neural activity sensors would be bright and respond linearly
to a large range of stimuli (in terms of AP number and fre-
quency). They should also rapidly follow [Ca2] transients, al-
lowing detection of individual APs. We show that the GECIs
studied here fall short of ideal in several ways. First, they have
relatively less brightness compared with XFPs. We estimate that
GCaMP, Camgaroo2, and Inverse Pericam are 25, 10, and
2 times dimmer than GFP at resting [Ca2] under comparable
conditions of expression in cultured brain slices. Second, GECIs
have complex responses to trains of APs, including sublinear and
supralinear regimes. At low frequencies, they underreport neural
activity compared with higher frequencies (Figs. 2–3). Third, the
dynamic ranges and Ca2 sensitivities are also not optimal for
measurements of activity. Saturation of the response is a major
problem for Inverse Pericam, whereas Camgaroo2 was far from
saturation with even the strongest stimuli used (Fig. 3). The af-
finity and dynamic range of GCaMP make it the best-suited in-
dicator for detecting spiking activity in pyramidal neurons (Figs.
2–3). Fourth, GECIs fail to report the pattern of APs within
bursts, possibly because of their slow kinetics (Fig. 4) (Baird et al.,
1999; Griesbeck et al., 2001). Elegant studies in a number of sys-
tems have shown that GECIs are already useful for spatial map-
ping of neural activity (Hasan et al., 2004;Wang et al., 2004), even
Figure 3. SNRs of fluorescence responses to APs. Data with additional AP trains (frequencies: 20, 30, 50, and 70 Hz) are in
supplemental material (available at www.jneurosci.org). A–E, Fluorescence responses to trains of APs delivered at 20 and 70 Hz
[black trace is the mean response, colored traces indicate the SEM, and dashed horizontal lines depict different SNRs; 1, blue; 2,
green; 3, red]. The SNR is the ratio ofF/F to the SD,, ofF/F from the background fluorescence. The red (A; X-Rhod-5F; N
8 cells) and green (B; Fluo4-FF;N 8 cells) synthetic Ca 2 indicators respond to all stimuli, including single APs. GCaMP (C;N
13 cells), Camgaroo2 (D; N 6 cells), and Inverse Pericam (E; N 9 cells) respond poorly (sublinear) to low-frequency AP trains
andare supralinear for stronger stimuli. F–J, Left, Activity (APnumber and frequency)necessary to elicit agivenSNR (closed circles;
same colors for SNRs as in A-E). If the indicator never reached a certain SNR, the value was set to the maximum number of APs
delivered (open circles). Themaximum number of APs delivered was as follows: 20 APs for 20 and 30 Hz, 33 APs for 50 Hz, and 47
APs for 70 Hz. Single APs can yield SNR2 for synthetic Ca 2 indicators (F, G). GCaMP (H ), Camgaroo2 ( I ), and Inverse Pericam
( J) require stronger stimuli to obtain the same SNR as synthetic indicators. F–J, Right, Individual trials from single cells (colored
lines; mean response in black; smoothed with a 50 msec averaging filter) for a stimulus with SNR2.
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at the single-cell level (Wang, 2004). However, the supralinearity of
GCaMPat low tomoderate activity levels could lead todistortions in
spatial activitymaps,whichmight contribute to recent controversies
(Wang et al., 2003;Wilson et al., 2004).
GECIs as [Ca2] sensors
GECIs also have great potential to monitor [Ca2] in targeted
compartments. Ideal Ca2 indicators share most features with
ideal reporters of neural activity. In addition, it is necessary to
calibrate sensors reliably in terms of [Ca2] (Grynkiewicz et al.,
1985; Kao et al., 1989; Helmchen et al., 1996; Maravall et al.,
2000). The nonlinear binding curves will make GECIs challeng-
ing to use for quantitative Ca2 imaging (Fig. 5). This is com-
pounded by their low sensitivity to small, rapid changes in
[Ca2] (Fig. 5). GECIs will find a key niche in allowing selective
measurements in particular subcellular compartments (Robert et
al., 2001; Demaurex and Frieden, 2003).
The biochemical data acquired here in neurons agrees quali-
tatively with previous in vitro calibrations (Table 1) (Griesbeck et
al., 2001;Nagai et al., 2001;Nakai et al., 2001; Yasuda et al., 2004).
One striking discrepancy is between the measured and reported
(Nakai et al., 2001) KD of GCaMP for Ca
2 (Table 1). This dis-
crepancy is not likely attributable to an error in our calibration of
X-Rhod-5F. The properties of AP-evoked [Ca2] dynamics in
the proximal apical dendrites of CA1 pyramidal neurons are well
known (Helmchen et al., 1996; Maravall et al., 2000). We can
therefore model [Ca2] dynamics in den-
drites as well as the expected GCaMP flu-
orescence saturation (supplemental mate-
rial, available at www.jneurosci.org)
independent of X-Rhod-5F fluorescence
measurements. If the reported KD of
GCaMP applied to our experimental situ-
ation, the indicator should saturate in re-
sponse to a brief train of APs (approxi-
mately three APs; 30 Hz) (supplemental
material, available at www.jneurosci.org),
clearly inconsistent with our data (Fig. 3).
Instead, the KD determined here (Table 1)
predicts 50% saturation at 20 APs at 30
Hz (supplemental material, available at
www.jneurosci.org), consistent with our
measurements (Fig. 3,Table1).Thediscrep-
ancybetween theKDdetermined invitroand
in the cell cytoplasm may arise from differ-
ences in the biochemical milieu.
GECIs as CaM activation sensors
Our diffusion measurements suggest that
GECIs have mobilities similar to GFP and
do not have a significant immobile frac-
tion in spines (Fig. 6). Because CaM-
binding sites are likely to be immobile
[e.g., fixed to a large protein complex, like
Figure 4. Frequency response of genetically encoded and synthetic Ca 2 indicator fluores-
cence. Power spectra of fluorescence time series (from Fig. 3A–E) were calculated, and the
spectra of X-Rhod-5F (A) and GCaMP (B) from a 20 Hz AP train are shown. A, X-Rhod-5F
fluorescencepower spectrumshowingpronouncedpeaks at theAP train frequency (fundamen-
tal; 20 Hz) and its harmonics. B, GCaMP fluorescence power spectrum does not reveal a definite
peak, even at the AP train frequency (20 Hz).
Figure 5. Comparison of genetically encoded and synthetic Ca 2 indicator fluorescence
saturation. Fluorescence saturation curves ( vs [Ca 2];mean SEM)were fit (solid lines) to
a general Hill model (Eq. 1). A, X-Rhod-5F fluorescence saturation measured simultaneously
with [Ca 2] (using Fluo4-FF). The data showexcellent agreementwith the expected values for
a synthetic Ca 2 indicator (Table 1). B–D, GECI fluorescence saturation measured simulta-
neously with [Ca 2] using X-Rhod-5F (Table 1).
Figure 6. FRAP reveals that GECIs havemobilities similar to GFP. A, A region of the apical dendrite from a cell transfected with
GFP used for FRAPmeasurement. B, Amagnified image of the FRAPed spine (boxed region inA), with the region used for line scan
FRAP indicated by a black line. C, Fluorescence acrossmarked region in B showing bleaching (50msec bleach time) and recovery in
raw fluorescence traces.D, Normalized fluorescence acrossmarked region inB before and after photobleaching. The recovery time
constant ismeasuredby fitting the fluorescence recovery to a single exponential. E, Cumulative probability distribution of recovery
lifetimes (circles) for individual spines from cells expressing GFP, GCaMP, Camgaroo2, and Inverse Pericam. A Kolmogorov–
Smirnov pairwise comparison revealed the distributions to be identical ( p 0.3). F, Mean recovery timeswere identical (ANOVA;
p 0.3) for all GECIs and were similar to GFP. Box plots (black lines) show mean value (central line) as well as 95% confidence
intervals (black trapezoids above and belowmean line).
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an ion channel (Saimi and Kung, 2002)], this implies that the
CaM domains on the GECIs do not interact substantially with
immobile CaM-binding proteins. Our results differ from those of
Hasan et al. (2004). It is possible that they measured FRAP in
neuronal regions overlapping with biosynthetic compartments,
perhaps explaining the immobile fraction in their data (Hasan et
al., 2004).
Our data suggest that GECI fluorescence changes reflect the
intramolecular dynamics of the sensor. What do GECI fluores-
cence changes report?We compared ourmeasurementswith bio-
chemical measurements of the interactions between Ca2 and
CaM. We wondered whether Ca2 saturation of CaM in the
presence and absence of M13 (Falke et al., 1994; Peersen et al.,
1997; Mirzoeva et al., 1999) could correspond with the fluores-
cence saturation curves of GCaMP and Camgaroo2, respectively
(Table 1) (free-CaM:KD 15M, n 1.2; CaM–M13:KD 1.25
M, n  1.7). Although the curves are qualitatively similar, the
steepness of the GCaMP fluorescence saturation curve exceeds
what would be expected based on the cooperative binding of
Ca2 to CaM in the presence of M13 (Table 1).
Because the coupling of fluorescence to Ca2 in GECIs must
have a structural basis, we explored whether the fluorescence
saturation of GECIs reflects the Ca2-induced structural transi-
tions of CaM in the presence (GCaMP) and absence (Camga-
roo2) of the M13-binding peptide. X-ray scattering can measure
the maximum size and radius of gyration of a macromolecular
complex (Trewhella, 1997) in solution. X-ray scattering studies
of CaM loaded with different amounts of Ca2 (0, 1, 2, 3, and 4
Ca2 ions per CaM) in the presence of M13 peptide reveals an
abrupt collapse of the size of the CaM–M13 complex as the mol-
ecule exceeds 50% (2 Ca2) saturation (Fig. 7A) (Krueger et al.,
1998). This is similar to the steep transition observed forGCaMP.
In contrast, free CaM increases in size gradually as Ca2 ions
bind (Fig. 7B) (Trewhella, 1992; Krueger et al., 1998; Komeiji et
al., 2002), similar to the behavior of Camgaroo2.
These similarities suggest that GCaMP andCamgaroo2 report
CaM activation in the presence and absence of M13 peptide,
respectively.ManyCaM-dependent enzymes, including calcium/
calmodulin-dependent protein kinase II (CaMKII), use relief-of-
autoinhibition (ROA) by CaM binding to become active. The
CaMKII ROA is a structural phenomenon, involving dislocation
of the pseudo-substrate region from the substrate-binding site
after Ca2 binding to CaM (Lisman et al., 2002). So an ideal
reporter of the activation of CaM-dependent enzymes would
read out the structural transitions that underlie ROA in the same
compartment as the enzyme. GCaMP behaves like a monitor of
CaM acting in ROA. It couples the binding of CaM to a target
peptide (M13) with Ca2 binding, changing its fluorescence as
the complex condenses (Fig. 7A). In contrast, Camgaroo2 be-
haves as amonitor of free-CaM loading with Ca2 (Fig. 7B). This
suggests that GCaMP and Camgaroo2, or variants of these indi-
cators, could be used to explore the physiological signals that are
optimized for CaM activation in situ.
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